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EXPLORING THE SOURCES OF PEAK HEIGHT REDUCTION DURING LOW-
TEMPLATE, COMPROMISED DNA DATA ANALYSIS 
 
 
LAUREN MIKAL TARANOW 
 
ABSTRACT 
The genetic profiles of evidentiary samples found at crime scenes are 
generated in order to determine the likelihood that a person contributed to DNA 
to the sample. One of the most challenging aspects of forensic deoxyribonucleic 
acid (DNA) analysis is that samples collected from crime scenes often contain 
only trace amounts of DNA; these samples are often referred to as low template 
DNA (LTDNA). Due to the low initial concentration of genetic material in LTDNA 
samples, substantive environmental insults will likely result in compromised DNA 
profiles that exhibit lower allele peak heights than expected, or in some cases, 
complete allele drop-out.  
The research detailed in this study investigates the impact various sources 
of compromise have on relative fluorescent unit (RFU) signal obtained from 
LTDNA samples. The potential for stochastic allele loss during a silica extraction 
of DNA prior to downstream processing is first considered using a dynamic 
systems model simulating the probability for allelic loss at each step in the 
procedure.  
Next, the impacts of damaging or degrading the DNA on the 
electropherogram signal are explored. Trends in RFU signal of LTDNA samples 
vii 
subjected to sonication by a sonic dismembrator probe, ultraviolet (UV) 
irradiation, and enzymatic digestion by two different enzymes are assessed, with 
the aim of creating a reference for typical behaviors in RFU signal data in 
compromised LTDNA.  
The distributions of electropherogram profile data from compromised 
LTDNA are then compared against one another in order to determine if the 
compromising methods explored in the study act on the samples in similar ways.  
The RFU signal data from the compromised LTDNA are then evaluated 
alongside the provided degradation index (DI) value resulting from quantification 
using the Quantifiler® Trio quantification kit (Thermo Fisher Scientific, Oyster 
Point, CA). The DI value acts as an early assessment of the quality of DNA 
samples and can be used to optimize downstream processing. Its ability to 
accurately predict behavior in compromised LTDNA samples is assessed 
through comparison of the DI value to the decrease in RFU signal as the 
samples are subjected to higher levels of simulated environmental insults.  
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1. Introduction 
1.1. Low-Template DNA Analysis 
In the course of human identity testing, the short tandem repeat (STR) 
profile from biological evidence found at crime scenes is generated such that the 
evidentiary, or unknown, profile can be compared to a profile originating from a 
known biological source. In general, this is a straightforward task when the 
evidentiary profile originates from samples containing ample copies of 
deoxyribonucleic acid (DNA) from a single contributor. However, samples 
containing trace amounts of DNA, known as low-template DNA (LTDNA), are 
often encountered during forensic DNA testing. LTDNA samples contain small 
numbers of amplifiable DNA, making these data difficult to interpret due to low 
RFU signals. This becomes progressively more challenging if the sample is 
damaged, degraded, inhibited, or compromised in any way. The main obstacle 
encountered during the analysis and interpretation of compromised LTDNA is the 
consumption of the entire DNA sample during processing; if there are insufficient 
copy numbers at the start of processing, it is unlikely there will be enough 
amplifiable DNA to produce a full genetic profile. Consumption of the entire 
sample means that the genotyping process can be carried out only once; thus, if 
an incomplete profile is obtained, more complex interpretation strategies, 
including drop-out modeling, or continuous interpretation schema need 
implementation [1-4].  
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Interpretation becomes increasingly more difficult if the DNA is 
compromised. If compromised, LTDNA is likely to produce DNA profiles with high 
molecular weight allele peaks that exhibit lower relative fluorescence units 
(RFUs) than expected. In some cases, the signal may be so low as to result in 
the complete loss of detectable signal; a phenomenon known as known as allelic 
drop out [5]. In extreme cases, the DNA may be so degraded that locus, or even 
profile, drop-out may result. Interpretation of profiles that contain drop-out may 
result in an uninformative match-statistic or a false exclusion of a known standard 
or suspect. 
Due to the impact of drop-out on the ability to interpret DNA signal, and 
the frequency with which forensic samples are subjected to degradation and 
inhibitory effects, this study aimed to explore the contributing factors that lead to 
signal degradation within a forensic STR profile. First, through the development 
of an in silico DNA extraction process, the probability of randomly losing alleles 
during the DNA extraction procedure was explored. Next, empirical DNA data 
were analyzed. Specifically, STR peak heights originating from samples that 
were sonicated, UV irradiated, and enzymatically degraded were evaluated in 
order to determine if the mechanism by which DNA damage occurs impacts the 
signal output. This qualitative evaluation is of importance since previous work 
has suggested that sloping patterns for all samples are similar and can be 
modeled with an exponential relationship [6]. Further, other work has suggested 
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that electropherogram sloping patterns may be predicted by the amplification of 
two fragment sizes during the quantification of DNA samples [7,8]. 
 
1.2. Stochastic Effects on DNA Peak Height Resolution 
The loss of DNA during conventional forensic testing is inevitable and is 
encountered at every stage of the DNA typing process. It can occur when 
samples are transferred from one tube to another, or during the lysis, adsorption, 
or desorption phases of a silica-based extraction [9]. For this reason, it is 
important to evaluate the outcome of a DNA extraction protocol prior to 
implementation within a laboratory’s standard operating procedures. For 
example, the lysis step in a DNA extraction procedure is achieved by adding a 
detergent and a protease in buffer such that digestion of cellular proteins can 
occur [10].  Once the cells have lysed, the water-soluble genetic material is free 
in aqueous solution and ready for further processing. However, lysis may not be 
100% efficient; that is, at least some cells are expected to remain intact [11]. If 
lysis is highly inefficient, a significant amount of DNA will not be available for 
polymerase chain reaction (PCR), because if whole cells remain then both copies 
of DNA are ‘lost.’ This is the only part of the extraction procedure where the 
alleles within a cell are not independent of one another. 
Other sources of DNA loss during extraction exist; thus, it is important to 
consider all areas of potential stochastic allelic loss during DNA processing. For 
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LTDNA, the loss of only a few alleles can be detrimental to the goal of obtaining 
a full genetic profile from the biological sample [5].  
Silica is utilized in several methods of DNA isolation, especially with older 
or compromised LTDNA samples, due to its high binding capacity for DNA 
molecules [12-14]. Extractions using silica are favored over organic extractions 
because they are specific and less likely to retain polymerase chain reaction 
(PCR) inhibitors in the resulting extract [12]. The QIAamp® DNA Investigator Kit 
employs a silica gel membrane inside extraction tubes to selectively bind and 
isolate genomic DNA [10].  
The process of DNA extraction using the QIAamp® silica binding column 
begins with a sample, such as a piece of clothing or a cotton swab, containing 
any biological fluid possessing genomic DNA. A small amount of the sample will 
be cut and placed in a tube. In a typical extraction, ~200 microliters (µL) of lysis 
buffer as well as ~10 µL of Proteinase K are added to the DNA sample. This 
mixture is then vortexed and incubated at 56°C.   The acidic lysis buffer lowers 
the pH of the DNA solution, causing cell membranes to burst – a process known 
as cell lysis – releasing DNA into solution. Proteins are degraded due to the 
addition of Proteinase K; an enzyme that digests proteins. These degraded 
proteins, as well as other metabolites and contaminants, will wash through the 
filter during the extraction process and be discarded. 
After incubation, the solution is transferred to a QIAamp® silica binding 
column in a different test tube; this is a process which presents an opportunity for 
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DNA loss. If the lysis buffer did not effectively lyse a cell, the DNA remains in this 
cell. DNA within the cell does not behave like free DNA in solution and will not be 
available for further processing. The amount of DNA lost due to failure to lyse 
can be modeled by examining the efficiency of the lysis buffer, given the 
conditions provided by the manufacturer [10]. 
The lysis buffer contains a chaotropic salt, guanidinium hydrochloride, 
which disrupts the hydrogen bonds between the water and the negatively 
charged phosphate backbone of DNA [10]. The chaotropic salt increases the 
entropy of solution, thereby promoting DNA adsorption to the column. Once DNA 
is adsorbed to the silica, the lysate is discarded. This marks another point in the 
extraction procedure where it is possible to lose DNA. Any DNA that failed to 
adsorb to the silica will be discarded along with the rest of the contaminants; thus 
the average adsorption efficiency of DNA to silica is an important laboratory 
parameter that can significantly impact the final RFU signal observed on the 
electropherogram. 
The silica is then washed using a different buffer from the extraction kit. 
DNA loss can occur at this stage as we assume an adsorption/desorption 
equilibrium condition. For both wash steps, the different adsorption efficiencies 
can be used to simulate allelic loss at these steps in the dynamic model.  
Finally, the conditions are modified such that DNA desorption from the 
silica is favored. To desorb the DNA from silica, an elution buffer with neutral pH 
is added. Additionally, the elution buffer does not contain a chaotropic salt. This 
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last step in the silica-based extraction is also a step in the process that allows for 
DNA loss, as some of the DNA molecules can remain bound to the filter. This 
loss can be modeled by examining the elution efficiency of DNA from silica. 
In a comparison study examining the DNA yields of three different DNA 
extraction methods, Phillips et al. found the QIAamp® silica binding column to be 
the least efficient method for the extraction of DNA from buccal cells, and 
inconsistent at yielding substantial amounts of DNA from blood stains [16]. 
Another study, conducted by Kemp et al., investigated the efficacy of Qiagen to 
recover DNA profiles by quantifying standards before and after purification using 
Qiagen MinElute PCR Purification kit [17]. The results of this study indicated the 
average loss of amplicons after a Qiagen extraction was between 21.75% and 
60.56%. Kemp et al. also noted that the loss of genetic material occurred at each 
stage of the extraction procedure. Therefore, the multitude of steps involved in 
the Qiagen extraction resulted in a substantial decrease in DNA yield. 
Since DNA extraction and purification can lead to substantive decreases 
in the number of target DNA molecules that survive extraction, developing 
mechanisms by which one may study, evaluate, and ultimately improve the 
method is of importance. Thus, development of systems dynamic models 
designed to aid in the pursuit of understanding the underlying effects of 
extraction processes implemented into the laboratory are warranted.  
Though the aforementioned studies show that the extraction systems 
commonly implemented in forensic DNA processing schemes impact the signal 
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strength of LTDNA, environmental factors are also known to impact signal and 
should be studied. The most common types of DNA damage are subsequently 
reviewed. 
1.3. Effects of Compromising Low-Template DNA 
1.3.1. Sonication 
DNA signal to noise ratio is dependent upon the PCR efficiency and the 
quality of the DNA template from which PCR templates are produced. In 2004, 
Richard Bates was appealed of a conviction for murder in the previous year 
because his genotype was not detected at two loci in the DNA profile obtained 
from biological evidence found at the crime scene [5]. The defense was 
successful, in part, by arguing that the partial profile obtained from the DNA 
evidence could not justify conviction. This case highlights the need for forensic 
scientists to understand the signal and sources thereof. Biological evidence may 
be found in trace amounts at crime scenes and is subjected to the conditions of 
the surrounding environment, which may result in signal decrease or allelic drop-
out during DNA analysis. There are cases where skeletal remains are the sole 
source of evidence from which a genetic profile can be obtained. DNA from 
skeletal remains located in areas with tropical climates are particularly 
susceptible to degradation and fragmentation, making a complete STR profile 
difficult to obtain [18]. The mechanisms by which the environment can degrade 
DNA are multifarious and hard to predict with a high degree of certainty. This is 
problematic when a single degraded sample is the only probative item of 
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biological evidence at a crime scene. Additionally, compromised DNA presents 
complications in the analysis of evidence from missing person cases and mass 
disasters, which require near-full genetic profiles in order to make identifications 
[19]. Since DNA signal resolution depends upon the length and quality of the 
DNA template molecule, studies that aim to characterize specific effects from 
various mechanisms by which DNA is compromised abound. 
Sonication is an effective way to fragment DNA [20-23]. Sonication 
produces fragmented DNA through a process called cavitation, which is the 
formation, expansion, and collapse of small gas bubbles in a solution [20-23]. 
The micro-shear force resulting from explosions of cavities in the solution causes 
disruption in the structure of macromolecules, like DNA, in solution [20]. In 
addition to this mechanical degradation, cavitation also induces shock waves, 
causing the thermal dissociation of water into OH(-) and H(+) free radicals. Free 
radicals in solution containing DNA lead to randomly occurring, individually 
damaged sites along the DNA molecule [21]. The free radicals produced by 
cavitation cause the generation of a large quantity of small fragments of DNA. 
Unlike other methods of compromise, which can be site and structure-
specific, fragmentation by sonication generates DNA fragments in an unbiased 
fashion [22]; in a study comparing physical methods of damaging DNA (e.g. 
heating and sonicating), with chemical methods (e.g. exposure to dimethyl 
sulfoxide), sonication was found to be the most efficient at denaturing and 
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fragmenting DNA. Further, sonicated samples exhibited low rates of renaturation 
[23].  
Sonication is not only an effective method for shearing DNA, but it is also 
one of the most efficient ways to generate small DNA fragments in a short period 
of time [23-24]. In a study examining the size of fragments after 30-second 
periods of sonication, Bender et al. concluded that DNA was reduced to 
fragments between 200 and 1200 base pairs (bp) after 30 seconds, and after 
only 5 minutes, DNA fragments range from 200 to 300 bp [23]. 
In summary, sonication is a good candidate by which to explore the signal 
associated with the amplification and detection of compromised DNA due to its 
effectiveness of fragmenting DNA into small segments. With a reliable method of 
producing small fragments of DNA, the downstream PCR effects can be 
examined using peak height data from the electropherograms of samples 
exposed to various levels of sonication. 
 
1.3.2. Ultraviolet Irradiation 
 Examining the effects of ultraviolet (UV) irradiation on DNA signal is also 
important: first, this method of damaging the DNA has applications to real-life 
scenarios, where samples from crime scenes have been subject to prolonged 
sun exposure; second, the type of damage caused by UV irradiation is known to 
be sequence-dependent rather than random. Specifically, UV waves alter the 
DNA’s conformation through the production of photoproducts, often formed by 
10 
the association between adjacent thymine and cytosine residues. Short-wave UV 
irradiation can cause adjacent pyrimidines to link covalently, forming bulky 
cyclobutane pyrimidine dimers and pyrimidine linkages known as photoproducts. 
The artifacts created by the pyrimidine bonding alter the conformation of the DNA 
molecule and prevent the primer extension activity of DNA polymerase; thereby 
inhibiting the PCR process [24]. Additional damage to DNA can occur from 
purine and pyrimidine oxidation products, such as DNA-DNA crosslinks, and 
single- and double- strand breaks [24-25]. 
Like all macromolecules, DNA spontaneously decomposes and therefore 
has a limited lifespan in which stability is guaranteed. Once photoproducts or 
other conformational changes are induced by UV irradiation, efficient PCR 
duplication – particularly of larger fragments – is unlikely. It is difficult to predict, a 
priori, the effects of UV irradiation on a given sample unless the fragment’s 
sequence is well characterized and does not change. Additionally, for forensic 
evidentiary samples, exposure time and initial concentration of DNA prior to UV 
damage is unknown. Given the number of unknowns, a purely mechanistic model 
is difficult to cultivate; thus, exploratory analysis designed to investigate general 
trending patterns are necessary. 
 
1.3.3. Enzymatic Degradation 
Effective enzymatic degradation of DNA samples is dependent on many 
factors, including the concentrations of the enzyme and DNA within the sample, 
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the reaction conditions, the conformation of the DNA, and possible substrate 
inhibition [26]. The size of DNA fragments produced from the process of 
enzymatic digestion will depend on the quality of the DNA sample as well as the 
duration of the reaction between the sample and enzyme [27]. 
Deoxyribonuclease (DNase) I degrades DNA by introducing single-
stranded nicks in the backbone of double-stranded DNA. The DNase I enzyme 
preferentially binds to purine-pyrimidine sequences. While it is not sequence-
specific, DNase I is sensitive to the structure of the minor groove; its exclusive 
interaction site. Upon binding, DNase I will hydrolyze the 3’ phosphate bond 
between the phosphorus and the oxygen attached to the 3’ carbon of the 
deoxyribose sugar within one of the strands [28]. In the presence of a divalent 
cation cofactor, DNase I will cleave both strands of DNA at approximately the 
same site, yielding DNA fragments with blunt ends or protruding overhangs only 
one or two nucleotides in length [26-28].  
Another enzyme effective at digesting DNA is fragmentase. The 
mechanism by which fragmentase digests DNA is slightly different to that of 
DNase. Fragmentase is a mix of two enzymes, one which randomly creates nicks 
in one strand of double-stranded DNA, while the other enzyme cuts the strand 
opposite the nicks [29-30]. The digestion products resulting from exposure to 
fragmentase possess short protruding overhangs, as well as 5’-phosphates and 
3’-hydroxyl-groups [30]. 
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1.4. Degradation Index Values  
The degradation index (DI) is calculated by comparing the quantitative 
real-time polymerase chain reaction (qPCR) results of long and short fragments 
as per [31] – and Equation 1,  
 
)*+,,	+./0)0*+,	(12)	/+345/	672	809859/3+/:09	(;<=>),+345	+./0)0*+,	 ?2 	/+345/	672	809859/3+/:09	(;<=>) = DI      (Equation 1) 
 Though this technique has been regularly used to assess the quality of 
ribonucleic acid (RNA), which is prone to degradation [32-34], comparing the 
concentrations of short and long amplifiable DNA fragments has recently become 
more common in operating forensic laboratories. A larger DI value indicates that 
a sample is heavily degraded or damaged, since a lower calculated 
concentration of a larger fragment is indicative of damage, degradation, or, 
possibly, inefficient amplification.  
 The research presented herein aims to compare the value of a qPCR-
based DI metric by comparing the RFU signal and molecular weight of true 
alleles to the qPCR derived DI value. 
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2. Potential for Stochastic Allelic Loss During Silica Extraction of DNA 
2.1. Methods 
2.1.1. Dynamic Modeling 
Systems modeling is an effective tool for simplifying a nonlinear, 
complicated system over time through the use of abstract representations and 
symbols. Descriptive models describe all parts within a closed system or process 
and the specific cause-and-effect interactions between these parts [35]. First, all 
elements within a given process are assembled together, after which input data 
and algorithms are utilized to represent interactions between the system 
elements. The final product is known as a ‘dynamic model,’ which is capable of 
simulating the system and provides quantitative, predictive data about system 
responses for the purposes under consideration. Thus, a dynamic model is an 
excellent method by which to investigate a hypothesis regarding a proposed 
relationship.  
A typical dynamic model contains three major constituents; elements, 
rules, and background. Components that move or change over time within the 
system are known as elements. The arrangement of the elements is governed by 
the specific relationships between them; these are known as rules. The 
background of the system is the space where the elements are arranged, and 
does not change.  
In the case of dynamic systems modeling, input parameters are controlled 
by a user and may be altered with each successive simulation in order to 
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generate output data under a variety of conditions. Running numerous 
simulations using variable input parameters allows for the exploration of many 
‘what-if’ scenarios that could not be carried out experimentally; thus, dynamic 
models can be used to improve and optimize the process under consideration 
[36]. 
 
2.1.2. Purpose of Dynamic Model 
 The dynamic model created in this study describes allelic loss that may be 
encountered during a silica-based DNA extraction procedure. The dynamic 
model was developed in the STELLA® version 10.0.2 (ISEE Systems, Lebanon 
NH) environment. Examining the loss of allele copies throughout the silica-based 
extraction procedure can aid in method optimization strategies to maximize DNA 
yield, as well as provide useful information for laboratories processing LTDNA 
samples. Specifically, the model described herein compartmentalizes the DNA 
extraction process to examine the potential for allelic loss at each step of the 
QIAamp® DNA Investigator Kit which contains QIAamp® mini spin columns, 
collection tubes, Buffers AL, ATL, AW1, AW2, and AE, along with Proteinase K 
(QIAGEN, Hilden, Germany). 
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2.1.3. Model Development and Structure 
 The properties, or observables, in this model form the basis for analyzing, 
comparing, contrasting, and categorizing results. These properties include: the 
total number of cells in the DNA sample; DNA lysis efficiency; allelic loss caused 
by failure to lyse; DNA adsorption efficiency; allelic loss during the binding step 
caused by adsorption failure; allelic loss during the washing steps caused by 
failure to adsorb; DNA elution efficiency; allelic loss caused by failure to elute; 
and the total amount of DNA recovered at the end of the extraction.  
In a paper attempting to empirically derive the propensity to retain all DNA 
during extraction, it was determined that the DNA lysis efficiency was 95.3 ± 
2.3% [11]. In a comparison study that aimed to determine best-practices, the 
efficiency of DNA adsorption to a silica-based surface was determined to be 70 ± 
15.6% [37]. This work also noted that the elution efficiency of human genomic 
DNA was 68%, but no variance was reported [37]. While the dynamic model, 
described herein, allows users to set and change efficiencies at each step to 
better predict outcomes using their own data, the results from the 
aforementioned studies were used as inputs to parameterize the model during 
the simulations presented as illustrated in Figure 1. 
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Figure 1. Control knobs on the model interface, allowing the user to customize 
the simulation based on initial DNA concentration as well as the efficiency of 
lysis, adsorption, and elution during a silica-based extraction and purification.  
 
The initial copy number is also an input parameter. The initial number of 
alleles was set to 333, as shown in Figure 1. This is the approximate number of 
allele copies at each locus in 1 nanogram (ng) of DNA, given that the molecular 
weight of DNA is equal to 1.85x1012 grams/mole (g/mol) and that the quantity of 
DNA in a diploid human cell is approximately 6 picograms (pg) [38]. Input 
parameters are designated in Figure 2 by the presence of a “knob” within a stock 
(squares) or converter (circles) in Figure 2. 
The full dynamic systems model, shown in Figure 2, contains ‘stocks,’ or 
reservoirs, which store the number of allele copies at the beginning and end of 
each step in the extraction process. Each of these stocks represent a single 
procedural step in the extraction process (lysis, binding, washing, and elution). 
‘Flows’ are depicted in the model as pipes to and from stocks, and represent 
input and output variables throughout each stage of the procedure.  The addition 
of buffer, as well as the transfer of a tube’s contents or column to another tube 
are represented by flows. Flows between a procedural step to a stock which 
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stores the remaining alleles following this step represent a time in the process 
when there is potential for allelic loss. These flows (Incubate, Centrifuge1, 
Centrifuge2, and Elution) employ circular ‘converters,’ which model the 
relationship at this step by transforming the input variable. Binomial distributions 
were employed to model each step in the extraction process, following the 
recommendations provided by Stolovitzky and Cecchi [39]. The binomial 
distribution is used to model a step with only two possible outcomes: a ‘success’ 
or ‘failure’ [36]. In the silica extraction model, a ‘success’ is the outcome where 
an allele remains in the extract, and a ‘failure’ occurs when an allele is lost. Thus, 
an individual allele, @, will be randomly selected to survive the previous step, A, 
as per; 
 BC	~	EFG(BCH', JCH')    (Equation 2) 
where A = 1 to 4 for lysis, binding, washing, and elution, respectively, and J = 
efficiency.   
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Figure 2. The dynamic model used to simulate allelic loss at each step in the 
QIAamp® extraction process. 
 
The rules within the systems model for the behavior of each component 
are listed below: 
Initial Flow: Functions to replace the initial number of alleles into the first stock 
after each cycle (run). Allows the simulation to perform multiple 
simulations. The action connector from the initial alleles stock to the 
flow will pulse the initial number of alleles into the system at the end 
of each cycle to replenish the original stock. 
Initial Number of Alleles: Set by the user, based on an estimate of the DNA 
concentration within the sample being extracted. Model test runs 
were used with this input set to 333 alleles in order to simulate the 
behavior of 1 ng of DNA through the extraction process. 
19 
Lysis Efficiency: Set to 0.9530 for test runs of the simulation, based on the 
findings of Howeler et al. that the efficiency of the lysis buffer in a 
typical silica extraction is 95.3% [11]. 
Incubate: Employs a binomial distribution using the number of alleles from the 
Lysis stock and the Lysis Efficiency converter. 
Lysis Allele Loss: This converter stores the alleles lost after the binomial flow by 
subtracting the output of Incubation converter from the Lysis stock. 
These lost alleles are then pulsed out of the system using the 
Failure to Lyse flow to prevent them from accumulating in the Lysis 
stock. 
Adsorption Efficiency: The DNA adsorption efficiency converter is used in both 
the binding and washing steps because allelic loss at both of these 
steps is assumed to be constant and unaffected by slight changes 
in wash buffers. Adsorption efficiency was set to 0.7000 to model 
the 70% adsorption efficiency of silica to DNA as per Kim et al. [37]. 
Centrifuge1: Employs a binomial distribution using the number of alleles from 
the Binding stock and the Adsorption Efficiency converter. 
Binding Allele Loss: This converter calculates the alleles lost after the binomial 
flow by subtracting the output of Centrifuge1 converter from the 
Binding stock. These lost alleles are then pulsed out of the system 
using the Failure to Bind flow to prevent them from accumulating in 
the Binding stock. 
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Centrifuge2: Employs a binomial distribution using the number of alleles from 
the Wash stock and the Adsorption Efficiency converter. 
Washing Allele Loss: This converter calculates the alleles lost after the binomial 
flow by subtracting the output of Centrifuge2 converter from the 
Wash stock. These lost alleles are then pulsed out of the system 
using the Failure to Adsorb flow to prevent them from accumulating 
in the Wash stock. 
Elution Efficiency: Elution efficiency was set to 0.6800 to model the 68% 
efficiency of the elution buffer as per Kim et al. [39]. 
Elution: Employs a binomial distribution using the number of alleles from the 
Elute stock and the Elution Efficiency converter. 
Binding Allele Loss: This converter calculates the alleles lost after the binomial 
flow by subtracting the output of Elution converter from the Elute 
stock. These lost alleles are then pulsed out of the system using 
the Failure to Elute flow to prevent them from accumulating in the 
Elute stock. 
Remaining Alleles: This stock holds the total alleles left after the entire 
extraction process has completed. The Total Alleles Remaining 
flow directs these remaining alleles out of the system before the 
next cycle of the process begins to prevent accumulation in the 
Remaining Alleles stock.  
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2.2. Results 
2.2.1. Model Simulations and Analysis 
 For each simulated run of the procedure, numerical outputs of allele count 
at each stock in the model are recorded into a table. This table is then able to 
predict, given the efficiencies and initial number of alleles, the amount of alleles 
going into and remaining after each step in the process.   
The model was validated by running the simulation 300 independent 
times. The data, corresponding to the number of remaining copies after each 
step of the process, for ten simulations is depicted in Table 1. 
 
Table 1. Amount of remaining alleles after each step in 10 independent silica-
based extraction procedures. 
 
Cycle 
Initial 
Number of 
Alleles 
Alleles After 
Lysis Step 
Alleles After 
Binding Step 
Alleles After 
Wash Step 
Remaining 
Alleles (After 
Elution Step) 
1 333 319 222 144 93 
2 333 314 225 154 107 
3 333 314 234 153 109 
4 333 315 220 148 84 
5 333 312 219 153 103 
6 333 318 213 143 89 
7 333 314 210 143 93 
8 333 319 227 165 113 
9 333 313 213 141 99 
10 333 323 210 151 112 
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The average number of alleles lost over the 300 simulations are presented 
in Table 2. Using the input parameters shown in Figure 1, an average of 232.8 
alleles of 333 are lost during the extraction procedure. That is, approximately 
69.9% of alleles are potentially lost during the silica-based extraction procedure. 
 
Table 2. Average number of alleles lost after each step from 300 independent 
simulations of silica-based extraction procedures, using input parameters of 
0.953, 0.7, and 0.68 for efficiencies of lysis, adsorption, and elution, respectively. 
 
  After Lysis Step 
After Binding 
Step 
After Wash 
Step 
After Elution 
Step 
Total Alleles 
Lost 
Average 
Alleles 
Lost 
15.5 95.7 66.2 49.7 227.2 
 
2.2.2. Evaluation of Silica DNA Extraction Procedure 
It is important to consider all areas of possible stochastic allelic loss in 
DNA processing of forensic samples. Figure 3 is a histogram showing the 
distribution of total alleles lost through the silica-based extraction process for the 
300 simulations. Figure 3 suggests that high levels of loss at each stage of the 
extraction process have a cumulative effect on the total number of allele copies 
that are retained throughout the entire extraction process. This indicates that a 
significant level of technical improvement in the area of DNA retention is 
necessary in order to ensure operational laboratories generate high-fidelity 
signal. 
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Figure 3. Histogram showing number of allele copies lost during the 300 
simulations of the silica-based extraction procedure, using input parameters of 
0.953, 0.7, and 0.68 for efficiencies of lysis, adsorption, and elution, respectively. 
 
If silica-based extraction is the preferred method for extraction of DNA 
from biological material, it may be possible to alter the steps in order to improve 
the number of DNA molecules that are retained in the process. For example, in a 
study investigating DNA yields from numerous extraction methods, Phillips 
suggested that increasing the elution volumes during DNA desorption could aid 
in obtaining a larger quantity of DNA. Philips also noted that if one were to 
increase the elution volume, the final extract would then be more dilute [9]. The 
author summarized that there is an important tradeoff that occurs between 
0
20
40
60
80
100
120
140
160
200 210 220 230 240 250 260
C
ou
nt
Total Alleles Lost 
Total Alleles Lost
24 
obtaining the most concentrated solution versus generating extracts with larger 
copy numbers. 
In a similar view, the addition of carrier RNA [40,41] and glycogen [41-43] 
have also been proposed. If the extraction process improves resulting in a 90% 
efficiency at each step, the number of alleles that are retained through extraction 
is likely to increase. Table 3, below, shows the total alleles lost for 300 
simulations when the efficiency parameters were all set to 90%, with an initial 
333 allele copies.  
Table 3. Average number of alleles lost after each step in 300 independent 
simulations of silica-based extraction procedure, with lysis, adsorption, and 
elution efficiencies set to equal 90%. 
 
  After Lysis Step 
After Binding 
Step 
After Wash 
Step 
After Elution 
Step 
Total Alleles 
Lost 
Average 
Alleles 
Lost 
33.3 29.7 27.0 24.4 114.4 
 
Figure 4 is a histogram showing the distribution of total alleles lost through 
the silica extraction process for each of the 300 independent simulations, with all 
efficiencies set to 90%. These data suggest that even at high efficiency levels, 
the multi-step DNA extraction process may be ill-suited for samples containing 
small quantities of DNA. 
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Figure 4. Histogram showing number of allele copies lost obtained from 300 
simulations of a silica-based extraction procedure, with lysis, adsorption, and 
elution efficiencies set to equal 90%. 
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3. Trends in Electropherogram Data from Compromised DNA Samples 
3.1. Methods 
3.1.1. DNA Collection and Processing 
Single source DNA profiles were obtained by extracting DNA from human 
samples using the QIAamp® extraction kit as per the recommended protocols set 
forth in [10]. The extract volume was 50 µL. 
All samples were quantified using the Quantifiler® Trio Human DNA 
Quantification Kit (Thermo Fisher Scientific, Oyster Point, CA) using ABI 7500 
Sequence Detector (Applied Biosystems, Foster City, CA) with the 
manufacturer’s recommended thermal cycling protocol and a validated, universal 
calibration curve [31]. Amplifications were carried out using the AmpFlSTR® 
Identifiler® Plus PCR Amplification Kit (Life Technologies, Carlsbad, CA) on the 
GeneAmp® PCR Amplification System 9700 with a gold sample block (Applied 
Biosystems, Foster City, CA) following the manufacturer’s recommended 
protocol (29 cycles) [44]. Amplified products were stored at -20°C until analysis 
with the Applied Biosystems® 3130 Genetic Analyzer (Applied Biosystems, 
Foster City, CA). Samples were injected for 10 seconds at 3 kilovolts (kV). The 
electropherograms were analyzed using GeneMapper® ID-X v.1.4 (Applied 
Biosystems, Foster City, CA) at 1 RFU. Genotype tables were exported form 
GeneMapper® ID-X as comma separated values (CSV) files.  
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3.1.2. Uncompromised DNA 
In order to determine the expected peak heights [6], one aliquot from each 
individual did not undergo treatment and was quantified, amplified and analyzed 
as is; these samples represent “pristine” or “uncompromised” samples. Samples 
were amplified with the Identifiler® Plus PCR amplification kit at a target mass of 
0.25 ng.  These data were evaluated and utilized as a means to determine 
baseline trends from samples with no exposure to sources of damage. These 
uncompromised samples were also used to determine genotypes, or true alleles, 
at each locus amplified using Identifiler® Plus PCR Amplification primers for 
every individual.  
 
3.1.3. Sonicated DNA 
The effects of fragmenting DNA samples using a sonicator probe on DNA 
extracts was investigated. To conduct DNA shearing, a 50 watt sonic 
dismembrator system with a 5/64” probe (Thermo Fisher Scientific, Oyster Point, 
CA) was utilized. Method development focused on creating a consistent 
procedure to clean the probe between samples to avoid cross-contamination. 
Soaking the sonicator in bleach is destructive to the aluminum alloy probe and 
therefore an alternative cleaning technique was developed [45].  
Preliminary testing was conducted to evaluate cross-contamination 
between samples, as well as to determine a proper amplitude at which to 
sonicate the extracts. In all preliminary testing, samples of known concentration 
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containing ~1.5 ng/µL of DNA were sonicated. The probe was then used to 
sonicate the next sample, a blank which contained no DNA. Quantitative PCR 
was used to evaluate the presence of DNA in the blanks.  
The experiment to assess effective cleaning methods of the sonicator 
probe involved first cleaning the sonicator probe using isopropyl alcohol, then 
sonicating the first DNA-containing sample, 1-R1, for 15 cycles to 25% 
amplitude. One cycle consisted of 30 seconds with the sonicator turned on at 
25% amplitude, followed by 30 seconds off to prevent overheating the sample.  
Following sonication, the probe was soaked and wiped with isopropyl alcohol 
before sonicating the next sample. This cleaning procedure using isopropyl 
alcohol was conducted between every sample sonicated during the experiment. 
The second sample was a blank containing no DNA, 1-B1, sonicated for 15 
cycles at 25% amplitude. The probe was again cleaned before sonicating DNA-
containing sample 1-R2 at 50% amplitude for 15 cycles, followed by TE buffer 
blank 1-B2 at 50% amplitude for 15 minutes. Last, DNA extract 1-R3 was 
sonicated at 75% amplitude for 15 cycles, followed by TE buffer blank 1-B3 at 
75% amplitude for 15 cycles.  
The experiment explored several different amplitudes at which the probe 
sonicated the samples. During the procedure, it was evident that sonicating at 
amplitudes higher than 25% resulted in the contents of the tube to overflow, or 
sometimes violently splash, out of the container. Thus, the amplitude was set to 
25% for all subsequent experiments.  
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Quantitative PCR using the Quantifiler® Trio kit was performed on the 
samples following this experiment to determine if the blanks had been 
contaminated by the probe. The quantification results are shown below in Table 
4. The results show that all blanks sonicated by the probe contained low 
concentrations of DNA, indicating that cross-contamination occurred. 
 
Table 4. Quantifiler® Trio results showing large and small autosomal DNA 
concentrations within samples from the first preliminary sonication experiment.  
 
Sample 
Name Detector Concentration DI Value 
1-R1 
Large Autosomal 0.749759409 
2.92 
Small Autosomal 2.18814843 
1-B1 
Large Autosomal 0.001266144 
9.61 
Small Autosomal 0.012164378 
1-R2 
Large Autosomal 0.889754938 
3.05 
Small Autosomal 2.716727818 
1-B2 
Large Autosomal 0.001050117 
9.11 
Small Autosomal 0.009567592 
1-R3 
Large Autosomal 0.513182627 
4.23 
Small Autosomal 2.170628711 
1-B3 
Large Autosomal 0.008655041 
5.87 
Small Autosomal 0.050777997 
 
 
 Due to the results depicted in Table 4, a second cleaning protocol was 
tested. This procedure involved soaking the probe in a DNase I solution for ten 
minutes to degrade any DNA remaining after the sonication of a sample. DNase I 
has proved an efficient way to decontaminate instruments and working area 
during DNA processing [46-48].  DNase I (New England Biolabs, Ipswich, MA) 
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was used with a corresponding 10X DNase I reaction buffer. According to the 
manufacturer’s directions, one unit (U) is the amount of enzyme required to 
degrade 1 µg of DNA in a total reaction volume of 50 µL in 10 minutes at 37°C 
[49-50]. A 4 mL solution of 20 U/mL DNase I was submerged in a hot water bath 
and heated to 37°C. The solution was allowed 10 minutes at this temperature to 
ensure activation of the enzyme, after which the probe tip was immersed in the 
DNase I solution and soaked for 10 minutes. Following the soak, the probe was 
rinsed with deionized water. The probe was cleaned in this fashion during the 
second preliminary experiment; soaked for 10 minutes in DNase I solution and 
rinsed with deionized water. All samples were sonicated at an amplitude of 25%. 
DNA-containing sample 2-R1 and TE buffer blank 2-B1 were sonicated for 1 
cycle, sample 2-R2 and blank 2-B2 were sonicated for 20 cycles, while sample 2-
R3 and blank 2-B3 were sonicated for 40 cycles. Samples were then quantified 
using Quantifiler® Trio quantification kit, and the reported concentrations are 
shown below in Table 5. The results in Table 5 signify successful cleaning of the 
probe through 10-minute DNase I soaks, indicated by the lack of DNA present in 
any of the the TE blanks (reported in the table as undetermined concentration). 
Additionally, Table 5 illustrates the desired effect of increasing DI values with 
increased exposure to the sonicator probe. 
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Table 5. Quantifiler® Trio results showing large and small autosomal DNA 
concentrations within samples from the second preliminary sonication 
experiment.  
  
Sample 
Name Detector Concentration DI Value 
2-R1 
Large Autosomal 1.118274356 
1.36 
Small Autosomal 1.518017695 
2-B1 
Large Autosomal Undetermined 
N/A 
Small Autosomal Undetermined 
2-R2 
Large Autosomal 0.317006363 
3.05 
Small Autosomal 0.967941755 
2-B2 
Large Autosomal Undetermined 
N/A 
Small Autosomal Undetermined 
2-R3 
Large Autosomal 0.11935438 
6.88 
Small Autosomal 0.820662809 
2-B3 
Large Autosomal Undetermined 
N/A 
Small Autosomal Undetermined 
 
 
While the aforementioned trial yielded results indicating a successful 
cleaning procedure for the sonicator probe, a third experiment was devised to 
investigate if the 10-minute DNase soak before and after sonication of each 
sample could be reduced in an effort to save time. The third preliminary 
experiment involved the same conditions as the second experiment, with the only 
difference being that instead of soaking the probe tip for 10 minutes, the probe 
was soaked for 5 minutes in the DNase I solution after each sample was 
sonicated. All samples were sonicated at 25% amplitude. Sample 3-R1 and blank 
3-B1 were sonicated for 40 cycles, sample 3-R2 and blank 3-B2 were sonicated 
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for 20 cycles, while sample 3-R3 and blank 3-B3 were sonicated for 2 cycles 
each.  
Quantifiler® Trio results for the third preliminary sonication experiment are 
depicted below in Table 6. While no cross-contamination appears to have 
occurred following samples 3-R1 and 3-R3, the presence of a small amount of 
DNA in TE blank 3-B2 suggests that soaking the probe in DNase I solution for 5 
minutes is not a reliable method for cleaning and decontaminating the instrument 
between samples.   
Table 6. Quantifiler® Trio results showing large and small autosomal DNA 
concentrations within samples from the third preliminary sonication experiment. 
  
Sample 
Name Detector Concentration DI Value 
3-R1 
Large Autosomal 0.219065279 
3.15 
Small Autosomal 0.690000052 
3-B1 
Large Autosomal Undetermined 
N/A 
Small Autosomal Undetermined 
3-R2 
Large Autosomal 0.175434702 
4.17 
Small Autosomal 0.732216313 
3-B2 
Large Autosomal Undetermined 
N/A 
Small Autosomal 0.000172084 
3-R3 
Large Autosomal 0.629434961 
1.49 
Small Autosomal 0.935441065 
3-B3 
Large Autosomal Undetermined 
N/A 
Small Autosomal Undetermined 
 
The fourth preliminary experiment with the sonicator probe utilized the 
methods from the second experiment, involving immersion of the probe in DNase 
33 
I solution for 10 minutes. In this procedure, following the DNase I soak, the probe 
was rinsed in deionized water and subsequently wiped with isopropyl alcohol to 
remove any remaining DNase and avoid unwanted enzymatic degradation of the 
samples. The probe was cleaned in this fashion throughout the fourth 
experiment; soaked for 10 minutes in DNase I solution, rinsed with deionized 
water, and wiped down with isopropyl alcohol, between every sample sonicated. 
All samples were sonicated at an amplitude of 25%, and, to save time, TE blanks 
were each sonicated for 5 cycles, as it was determined that 5 sonication cycles is 
a sufficient amount of exposure where contamination from the previous sample 
could occur. Sample 4-R1 was sonicated for 2 cycles, sample 4-R2 was 
sonicated for 10 cycles, and sample 4-R3 was sonicated for 30 cycles. 
The results following qPCR using the Quantifiler® Trio kit are shown in 
Table 7. Not only do the results reveal that the cleaning procedure implemented 
in this preliminary experiment were successful, as seen by the absence of DNA 
concentration values for all three blanks. It is apparent from the results in Table 7 
the three exposure levels employed in this trial produced a range of degradation; 
where the sample with the highest concentration of DNA, 4-R1, corresponded to 
the lowest exposure level of sonication, while sample 4-R3, sonicated the 
longest, exhibited the lowest concentration of DNA, indicative of a higher level of 
fragmentation. 
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Table 7. Quantifiler® Trio results showing large and small autosomal DNA 
concentrations within samples from the fourth and final preliminary sonication 
experiment. 
 
Sample 
Name Detector Concentration DI Value 
4-R1 
Large Autosomal 0.43996414 1.84 
Small Autosomal 0.810023569 
4-B1 
Large Autosomal Undetermined 
N/A 
Small Autosomal Undetermined 
4-R2 
Large Autosomal 0.277603886 2.79 
Small Autosomal 0.77413232 
4-B2 
Large Autosomal Undetermined 
N/A 
Small Autosomal Undetermined 
4-R3 
Large Autosomal 0.111739264 5.55 
Small Autosomal 0.620649957 
4-B3 
Large Autosomal Undetermined 
N/A 
Small Autosomal Undetermined 
 
The data presented in Table 7 indicate that the fourth preliminary 
experimental procedure consistently decontaminated and eliminated all DNA 
from the sonicator probe following sonication of a sample. The results reveal that 
the cleaning methods employed in this experiment are a viable procedure and 
will reliably sterilize the sonicator probe between samples. For all subsequent 
experiments using the sonicator probe, this proven successful cleaning method 
was utilized; before and after sonication of each extract, the probe tip was 
immersed in 4 mL of active 20 U/mL DNase I solution for 10 minutes, followed by 
a deionized water rinse and an isopropyl alcohol wipe.  
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Following the establishment of a dependable cleaning procedure, the 
methods by which DNA was to be sheared using the sonic dismembrator probe 
were developed. The DI values provided by Quantifiler® Trio results were used 
to evaluate which three exposure levels would produce results with different 
levels of fragmentation. With a range of exposure times, the behavior of peak 
heights with increasing levels of sonication could be observed and conclusions 
from these patterns could be drawn. The DI value resulting from quantification 
using Quantifiler® Trio is calculated using Equation 1. 
 The DI value of a sample is useful for predicting the quality of the DNA 
profile prior to carrying out STR profiling. If a sample reports a high DI value, the 
appropriate measures or alterations in procedure can be made to accommodate 
the degraded profile, in order to improve electropherogram signal. The DI value 
takes into account the quantity of smaller fragments and divides this amount by 
the quantity of longer fragments [10].  
The preliminary experiments mentioned above explored various amounts 
of sonication, and the resulting DI values from these trials were considered when 
choosing the sonication exposure levels to be utilized in the study. It was 
determined that 2, 10, and 30 sonication cycles at 25% amplitude produced a 
significant range of damage to the extracts. This corresponds to the study 
performed by Hughes-Stamm et al., which found that sonicating DNA at 30% 
amplitude for 5, 15, and 25 cycles produced three distinct levels of fragmentation 
to DNA samples [51]. DNA extracts from 42 individuals at three dilutions each, 
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for a total of 126 samples were utilized in the investigation of sonication exposure 
levels of 2 cycles, 10 cycles, and 30 cycles.  
Following sonication, all samples were quantified, amplified, and analyzed 
similarly to the uncompromised samples. Data corresponding to the size and 
peak height of individuals’ true alleles at each locus were used to assess the 
amount of fragmentation caused by the sonicator probe and to compare 
sonication to the other methods of compromise in this study. 
 
3.1.4. UV-Damaged DNA 
UV irradiation was another source of compromise to DNA data 
investigated in this study. The QIAgility® (QIAGEN, Hilden, Germany) robotic 
workstation, which possesses a time-controlled UV lamp, was utilized in the UV 
irradiation procedure. The UV light within the QIAgility® workstation emits light at 
a wavelength equal to 254 nanometers (nm). The manual control function of the 
UV lamp was employed to damage the samples. To begin, whole blood samples 
from each individual were separated into three aliquots. The first aliquot 
underwent 15 minutes of exposure to the UV light. The second aliquot was 
exposed to UV light for 60 minutes. The final aliquot from each individual was 
exposed to UV light for 105 minutes. All samples underwent the same 
downstream DNA processing as previously described. Data from 11 individuals 
exposed to the three varying amounts of UV light were received for analysis. 
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3.1.5. Enzyme-Degraded DNA 
The effects on DNA profiles from extracts which underwent enzymatic 
degradation were also evaluated. Two different enzymes were explored, DNase I 
at three concentrations, and exposure to fragmentase at three intervals of time. 
The data from samples exposed to both enzymes were grouped together into 
one category encompassing all enzymatic degradation, at three increasing 
levels: 1, 2, and 3. For all samples, three aliquots were created from each 
individual.  
For samples exposed to DNase, level 1 was exposed to 6 milliunits (mU) 
of DNA-free™ rDNase I (Life Technologies, Carlsbad, CA), level 2 was exposed 
to 12 mU of rDNase I, and level 3 was exposed to 24 mU of rDNase I. Samples 
were incubated at 37°C for 10 minutes in the solution containing DNase I before 
adding DNA-free™DNase I Inactivation Reagent (Life Technologies, Carlsbad, 
CA) to inactivate the enzyme.  
The remaining samples to be enzymatically digested were exposed to 
NEBNext® dsDNA Fragmentase® (New England Biolabs, Ipswich, MA). 
Following extraction, 4 µL of fragmentase® was added to all extracts. Samples 
were incubated at 3 different time intervals at 37°C. Fragmentase® exposure 
level 1 involved 15 minutes, level 2 samples were exposed to fragmentase for 30 
minutes, and level 3 samples were exposed to fragmentase for 45 minutes. 
Following incubation, 10 µL of 0.5 molar (M) ethylenediaminetetraacetic acid 
(EDTA) was added to the extract to inhibit the enzymatic reaction.  
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3.2. Results 
In an analysis of STR profiles of DNA, Bright et al. found that plots of RFU 
values versus molecular weight were best fit to an exponential curve [6]. This pattern 
of degradation was also observed in a validation study of the Quantifiler® Trio kit, 
where Holt et al. demonstrated that highly degraded samples, exhibiting high DI 
values, resulted in STR traces with a significant “ski-slope” effect [6,52-55].  To 
assess the level of damage caused by the various methods to the DNA samples, 
scatter plots were created to depict the the peak height, in RFU, of the true alleles 
versus the molecular weight in base pairs. Specifically, the profiles were generated 
with the Identifiler Plus™ Amplification Kit at a target mass of 0.25 ng; the peak 
heights were then examined on a per-fluorophore basis. The sloping effect seen in 
electropherogram data is a well-known phenomenon and has been observed in 
degraded DNA samples exposed to various sources of damage. In an attempt to 
quantify the level of sloping, a least-squares exponential function was fit to the data, 
as per; 
   K L = 	NOPQ    (Equation 3) 
where	N and R are the model parameters, and L is the average size, A, of the 
alleles, @S, F = 1, 2 within a locus, T. 
     LU = 	 CVW,XY	CVZ,X&       (Equation 4) 
The scatter plot representations of the electropherogram data are presented 
in the following figures along with the box-and-whisker plots to visually depict the 
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overall trend in the inter-locus balance within dye channels. The inter-locus balance 
is a measure of the change in peak heights between the first and last locus within a 
channel, and can provide information regarding the level of DNA damage [7,55]. The 
center of the box-and-whisker boxes display the median peak height, the upper line 
of the box demarcates the 75th quartile, and the lower line of each box displays the 
25th quartile peak height for a given locus. The error bars above and below each box 
show the minimum and maximum peak heights of a true allele at a given locus.  
 
3.2.1. Uncompromised DNA 
Figure 5 is the plot of LU versus the total peak height of alleles from the 
uncompromised DNA samples for a locus. The exponential regression equations, 
also presented in Figure 5, are displayed at the top right of each plot. The R term 
for the blue, green, yellow, and red channels are all negative; suggesting a 
minor, though consistent, effect of fragment size on peak height for pristine 
samples. The data in these uncompromised samples serve as a baseline for 
comparison between the various methods of compromise to DNA samples.  
40 
 
Figure 5. Scatter plots depicting size (in base pairs) of uncompromised 
individuals’ true alleles versus peak height (in RFU). Box-and-whisker plots 
depict the minimum and maximum peak height values for each locus, as well as 
the 25th quartile, median, and 75th quartile of peak heights. Exponential best-fit 
equations are shown at the top right of each plot, and regression lines are 
depicted as dotted grey lines on each plot. A) blue dye, B) green dye, C) yellow 
dye, and D) red channel of Identifiler® Plus amplification kit are depicted.  
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3.2.2. Sonicated DNA 
The scatter plots and box-and-whisker plots at each locus within a dye 
channel for each level of sonication are illustrated in Figure 6. The exponential 
regression lines are also included, and the equations are listed at the top right of 
each.  
The sloping effect is visible in the samples regardless of the levels of 
sonication; with increased exposure to the sonicator probe, the inter-locus 
balance decreases across the channels. This behavior is congruent with the 
predicted behavior of degraded DNA samples, and indicates that increasing the 
number of sonication cycles corresponds to an increase in fragmentation of DNA.  
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Figure 6. Plots of allele size in base pairs and peak height in RFU of true alleles 
of DNA samples sonicated in the A) blue dye, B) green dye, C) yellow dye, and 
D) red dye channels of Identifiler® Plus amplification kit. Plots for each level of 
sonication are shown in increasing order from left to right (2, 10, & 30 cycles).  
Equations for the exponential regression line used with the data are displayed at 
the top of each chart.  
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 The exponential parameter, R, in the sonicated DNA data is affected 
similarly across all channels, exhibiting a substantial increase as the sonication 
cycle number increases. Surprisingly, even low levels of sonication, representing 
only two 30-second cycles of exposure to the probe, is enough to increase the R 
parameter by at least a factor of 2. Increasing the sonication cycle number to 10 
and 30 results in R values that differ by 10, and even 100 orders of magnitude. 
The trends in R factors from the data indicate that probe-based sonication is a 
successful means by which to fragment DNA samples, and produces 
electropherogram data patterns that are severely sloped. 
 Also of note in the results from sonicated samples is an increase in the N 
parameter as the R parameter decreases. This may be explicated by the large 
degree of sloping that occurs in the electropherogram when large fragments 
exhibit low peak heights. Further, it is to be noted that the exponential, or R 
parameters derived herein are determined by evaluating all data, and thus 
represent only the average degree to which sloping patterns were observed 
within sample sets. 
 
3.2.3. UV-Damaged DNA 
Scatter plots of electropherogram data and locus box-and-whisker plots at 
each locus within a channel for each UV-irradiated DNA sample are depicted in 
Figure 7. Exponential regression lines are expressed by a dotted grey line, and 
regression equations are listed at the top right of each plot.  
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Figure 7. Plots of allele size in base pairs and peak height in RFU of true alleles 
of DNA samples exposed to UV irradiation in the A) blue dye, B) green dye, C) 
yellow dye, and D) red dye channels of Identifiler® Plus amplification kit. 
Equations for the exponential regression line used with the data are displayed at 
the top of each chart. Plots for each level of UV radiation are shown in increasing 
order (15, 60, & 105 minutes).  
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The R parameter increases for samples bombarded for 15 to 60 minutes 
with UV radiation, and is consistent with the trends observed for the samples that 
underwent sonication. However, the R parameter of samples exposed to 105 
minutes of UV light is smaller than those obtained from samples subjected to 60 
minutes of UV irradiation, which indicates that damage to DNA reaches a plateau 
around 60 minutes. 
 
3.2.4. Enzyme-Degraded DNA 
The scatter plots and box-and-whisker diagrams of data from the three 
levels of enzyme-degraded DNA samples within each channel are shown in 
Figure 8. Exponential regression lines are represented as dotted lines in each 
plot, and corresponding regression equations are listed at the top right of each. 
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Figure 8. Plots of allele size in base pairs and peak height in RFU of true alleles 
of DNA samples exposed to at degrading enzymes at three increasing levels in 
the A) blue dye, B) green dye, C) yellow dye, and D) red dye channels of 
Identifiler® Plus amplification kit. Equations for the exponential lines of best fit 
are displayed at the top of each chart. Plots for each level of degradation are 
shown in increasing order from left to right (level 1, 2, & 3, respectively).  
 
 
47 
The R parameter at each level of enzymatic degradation remain relatively 
similar with increased enzyme exposure, indicating that increased exposure to 
degrading enzymes does not produce a substantial slope effect, as observed in 
samples fragmented by sonication. However, a decrease in the N parameter is 
notable, signifying that the template DNA is degraded, but at a different rate than 
when sonication is the mechanism by which fragmentation occurs.  
 
3.2.5. Comparison Between Methods of Compromise 
3.2.5.1. RFU Signal Decrease 
Complete target template DNA is a requirement for successful 
amplification in PCR. However, complete target sequences are not available in 
highly-degraded or fragmented DNA samples, and thus primer extension will 
produce incomplete amplified products with variable lengths [56]. Primer 
extension remains somewhat efficient in loci with lower molecular weights, but is 
unable to proceed successfully in loci with high molecular weights due to the lack 
of sufficient template DNA, particularly in LTDNA, at these regions. The 
inefficiency in PCR amplification of high molecular weight loci can be observed 
through comparison of peak heights in the first and last loci for a given dye 
channel. 
Tables 8 through 11, below, show the median peak height (in RFU) of the 
true alleles at each locus for uncompromised and compromised DNA samples. 
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Table 8. Median RFU in each locus of the blue dye channel for each method and 
level of compromise. 
 
  D8S1179 D21S11 D7S820 CSF1PO 
U N C O M P R O M I S E D  
  1761 1362.5 1202 1291 
S O N I C A T E D  
2 Cycles 1664.5 1078.5 693.5 840.5 
10 Cycles 1205 556.5 258.5 229.5 
30 Cycles 767 210 63 60 
U V - I R R A D I A T E D        
15 Minutes 1287 992 301 739 
60 Minutes 919 1016.5 68 441 
105 Minutes 736 808 333 432 
E N Z Y M E - D E G R A D E D      
Level 1 1469 908 704 756 
Level 2 1382.5 649.5 494 504.5 
Level 3 964 392 317 431.5 
 
The median peak height of pristine samples at the D8S1179 locus 
decreased by a factor of 2.3 when the samples underwent 30 sonication cycles. 
The median peak height at the CSF1PO locus for samples exposed to 30 
sonication cycles was 21.52 times lower than the median signal at this locus in 
uncompromised samples. Samples exposed to 105 minutes of UV irradiation 
exhibited a median peak height at the D8S1179 locus 2.39 lower than pristine 
samples, and 2.99 lower than uncompromised samples at the CSF1PO locus. 
The median peak height of samples exposed to the highest level of enzyme 
degradation were 1.83 times lower and 2.99 lower at the D8S1179 locus and 
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CSF1PO locus, respectively, when compared to mean peak height values of 
uncompromised samples.  
Thus, all methods of compromise caused the RFU signal at CSF1PO, the 
larger molecular weight locus in the blue channel, to decrease more dramatically 
than at other loci, consistent with prior studies noting that loci containing higher 
molecular weight fragments will be more affected by damage than loci with lower 
molecular weights [7,55]. When comparing between methods of compromise, it is 
notable that the decrease in peak height at the CSF1PO locus following 
maximum sonication exposure is 10 times greater than the decrease at this locus 
by any other method. 
 
Table 9. Median RFU in each locus of the green dye channel for each method 
and level of compromise. 
 
 D3S1358 TH01 D13S317 D16S539 D2S1338 
U N C O M P R O M I S E D  
 
2189.5 2529 2307.5 2149 1806 
S O N I C A T E D      
2 Cycles 2102.5 1986.5 1522 1339.5 902.5 
10 Cycles 1389 1303.5 739.5 532.5 270 
30 Cycles 1033 537.5 217.5 126 89 
U V - I R R A D I A T E D      
15 Minutes 2130 1845 1206 836 554 
60 Minutes 2575 1682.5 737 515.5 167 
105 Minutes 2426.5 1588.5 683 440 131.5 
E N Z Y M E - D E G R A D E D     
Level 1 1953 1775 1471 1028 1016 
Level 2 2008.5 1653.5 760 890.5 703 
Level 3 1385 984 786 460 359.5 
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Following the highest level of sonication, the median peak height at the 
D3S1358 locus was 2.12 times lower than that of uncompromised samples, while 
median peak height at the D2S1338 locus for the same sample set was 20.29 
times lower than pristine samples. The highest exposure level of UV irradiation 
resulted in a larger median peak height than uncompromised samples at the 
D3S1358 locus by a factor of 1.12, while 105 minutes of UV light exposure 
produced a lower median peak height than uncompromised samples at the 
D2S1338 locus, by a factor of 13.73. Exposure to the highest level of degrading 
enzymes resulted in median peak height lower than pristine samples, by a factor 
of 1.58 at the D3S1358 locus, and 5.02 at the D2S1338 locus.  
Loci in the green channel behave similarly to those in the blue channel, 
with larger molecular weight loci exhibiting a larger decrease when compared to 
the signals from pristine samples. The median RFU signal at D3S1358 exhibited 
an increase after maximum exposure to UV light when compared to the median 
peak height of uncompromised DNA, which supports the hypothesis that damage 
to DNA by UV irradiation may not be random, and may be affected by sequence, 
or other factors [24-25, 57-58].  
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Table 10. Median RFU in each locus of the yellow dye channel for each method 
and level of compromise. 
 
  D19S433 vWA TPOX D18S51 
U N C O M P R O M I S E D  
  1494.5 1722 1375.5 1359 
S O N I C A T E D          
2 Cycles 1502 1379 968.5 740 
10 Cycles 1220 736.5 529.5 224 
30 Cycles 787 384.5 154 45 
U V - I R R A D I A T E D        
15 Minutes 786 1267 676 312 
60 Minutes 882.5 1038 513.5 129.5 
105 Minutes 930.5 949 349 110 
E N Z Y M E - D E G R A D E D        
Level 1 1477 1308 887 733 
Level 2 1468.5 996 725 594 
Level 3 1259 691 549 386.5 
 
At the D19S433 locus, the median peak height was lower than that of 
uncompromised samples by a factor of 1.9, 1.61, and 1.19 following maximum 
exposure levels to sonication, UV light, and degrading enzymes, respectively. At 
the D18S51 locus, the median peak height was 30.2, 12.35, and 3.52 lower than 
pristine samples following maximum exposure levels to sonication, UV light, and 
degrading enzymes, respectively. 
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Table 11. Median RFU in each locus of the red dye channel for each method and  
level of compromise. 
 
  AMELOGENIN D5S818 FGA 
U N C O M P R O M I S E D      
  1330.5 1391.5 1367 
S O N I C A T E D        
2 Cycles 1507 1131 878 
10 Cycles 1188 825.5 358.5 
30 Cycles 1013 516 90 
U V - I R R A D I A T E D       
15 Minutes 1046.5 891 406.5 
60 Minutes 940 426.5 241 
105 Minutes 881.5 445 195.5 
E N Z Y M E - D E G R A D E D      
Level 1 1435 1025 862 
Level 2 1382.5 1018.5 711 
Level 3 1082 796 506 
 
Median RFU signal at the Amelogenin locus was 1.31, 1.51, and 1.23 
times lower than that of uncompromised samples for samples exposed to the the 
highest level of sonication, UV irradiation, and enzyme degradation, respectively. 
At the FGA locus, exposure to maximum levels of sonication, UV irradiation, and 
enzymatic degradation, resulted in median peak height values 15.19, 6.99, and 
2.7 lower than those observed in pristine samples.  
Data from all the channels suggest a difference in the effects of the 
various methods of compromise on RFU signal. In all dye channels, the larger 
molecular weight locus exhibited the most dramatic decrease in peak height 
when compared with peak heights from pristine samples. Allele peak height 
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decrease at loci with high molecular weights was most pronounced in sonicated 
samples, followed by UV-irradiated samples, while enzymatically-degraded 
samples decreased RFU signal at high molecular weight loci the least. The 
largest decrease in peak height for low molecular weight alleles was obtained 
from sonicated samples, followed by UV-irradiated samples in all channels 
except green, followed by enzymatically-degraded samples. This indicates that 
sonication is a valuable process by which to generate highly degraded fragments 
of varying lengths.  
All levels and methods of compromise resulted in more negative R 
parameters than those observed in data from uncompromised DNA, indicating 
that sonication, UV irradiation, and enzymatic degradation were all successful in 
fragmenting the DNA to generate a steeper ski-slope trend of RFU data. While 
enzymatic degradation successfully degraded samples, data from this sample set 
also contained R parameters that suggest the fragmentation of DNA occurs in a 
way that results in similar copy numbers for all fragment sizes. 
For DNA samples that underwent sonication, the R value becomes more 
negative with an increase in exposure level. In contrast to this expected trend, 
UV-irradiated samples at the 60-minute exposure level had the steepest ski-
slope pattern in the electropherogram data, rather than the longest, 105-minute 
exposure time. This trend is perhaps due to a threshold for maximum UV 
damage to DNA, which was reached some time in between 60 minutes and 105 
minutes of irradiation, after which DNA damage could no longer occur. This is 
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consistent with the observations of the study performed by McNally et al. 
examining the effect of UV light on human bloodstains. The results of the study 
showed that samples that underwent UV irradiation exhibited a decrease in allelic 
signal intensity with increasing exposure, but this rate of loss was inconsistent 
[59]. 
While the R parameters in samples exposed to enzymatic digestion 
increased with increasing exposure level, these data differed from samples 
compromised by other methods in that the negative value of the exponential 
regression did not increase by an order of magnitude between any of the 
exposure levels. The slopes of data from sonicated samples and UV-irradiated 
samples were more negative by one order of magnitude between the first and 
second level of exposure to compromise.  
 
3.2.5.2. Comparing Coefficients of Determination 
  The coefficient of determination, or R2 value was evaluated from the data 
depicted in Figures 5 through 8 to examine how well the exponential regression 
lines approximated the true data points. If the hypothesis that an exponential 
sloping pattern is the best fit for samples exhibiting degradation is true, the R2 
value from data of highly-compromised samples will be close to 1, indicating the 
regression line fits the data well. The R2 values from the data are shown in Table 
12. 
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Table 12. Coefficients of determination for exponential regression lines fit to peak 
height and molecular weight data from each dye channel in uncompromised, 
sonicated, UV-irradiated, and enzyme-degraded DNA extracts. 
  
 BLUE GREEN YELLOW RED 
U N C O M P R O M I S E D  
  0.139 0.053 0.017 0.008 
S O N I C A T E D  
2 Cycles 0.467 0.456 0.593 0.501 
10 Cycles 0.743 0.754 0.768 0.823 
30 Cycles 0.83 0.797 0.88 0.896 
U V - I R R A D I A T E D  
15 Minutes 0.223 0.639 0.426 0.666 
60 Minutes 0.223 0.766 0.704 0.612 
105 Minutes 0.217 0.532 0.453 0.341 
E N Z Y M E - D E G R A D E D  
Level 1 0.22 0.23 0.252 0.209 
Level 2 0.298 0.325 0.358 0.304 
Level 3 0.169 0.176 0.223 0.203 
 
 As expected, the R2 values are low in uncompromised samples, because 
the exponential regression line was employed to best fit data from degraded 
samples. For sonicated samples, the R2 value increases with increased level of 
sonication, consistent with the hypothesis that the data from increasingly 
fragmented DNA samples is best fit to an exponential curve.  
R2 values from UV-irradiated samples were inconsistent with this logic. R2 
values from UV-irradiated samples were much lower in the blue channel than the 
other channels. Additionally, R2 values from samples exposed to the 105 minutes 
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of UV-irradiation were lower than values from samples exposed to UV light for 60 
minutes. This is consistent with the aforementioned hypothesis that DNA damage 
reaches a plateau around 60 minutes. UV light is known to damage DNA through 
the formation of several mutagenic DNA lesions, including dimeric photoproducts 
at bipyrimidine sites [57-58]. The most common lesions created by UV irradiation 
of DNA are the cis-syn cyclobutane pyrimidine dimers (CPDs) and the pyrimidine 
(6-4) pyrimidone photoproducts [(6-4)PPs]. CPDs are formed between the 5,6 
bonds of any two adjacent pyrimidine bases, whereas (6-4)PPs occur between 
positions 6 and 4 of two neighboring pyrimidines – preferentially at 5’-TC and 5’-
CC sequences. While the mechanism by which these sequences are mutated by 
UV light are not known, it is hypothesized that the mutagenesis occurs following 
the deamination of cytosine and 5-methylcytosines within cyclobutane pyrimidine 
dimers [58]. The irregular sloping observed in the blue dye channel of UV-
irradiated samples is attributed to the particularly low peak heights found at the 
D7S820 locus. The decreased signal at this locus can thus be explained by the 
abundance of cytosine bases in the base pair sequence of the locus, resulting in 
a large amount of damaging dimeric pyrimidine photoproducts. 
R2 values from data of enzymatically-degraded samples were the lowest 
of the three methods of compromise. Similar to data from UV-irradiated samples, 
the 2nd level of degradation led to higher coefficients of determination than the 3rd 
level of degradation.  
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3.2.5.3. Comparing Regression Lines to DI Values 
Using the information provided by the equations for the trends in fragment 
size and peak height, the accuracy of the DI value given by the Quantifiler® Trio 
kit can be evaluated. The DI value is calculated using Equation 1 in Section 1.4. 
The SA amplicon size detected by Quantifiler® Trio is 80 base pairs, and the LA 
amplicon size target is 214 base pairs [32].  
 Using the exponential equations for the data, the values of f(x=80 bp) and 
f(x=214 bp) can be calculated. This will give the RFU values for amplicons at the 
SA and LA regions, which are approximately proportional to the concentration of 
undegraded template DNA with the concentrations [5-7, 56], and if the DI value 
provided by Quantifiler® Trio is accurate, then the following equation should be 
correct: 
   !(#$)! &'(  = DI value    (Equation 5) 
 
 
Figures 9 through 12, seen below, plot the DI value given for each sample 
from the Quantifiler® Trio kit versus the calculated DI using the exponential 
regression line equations. If the hypothesis that !(#$)! &'(  = DI value were true, the 
slope of the fitted linear trend line for the plot of each set of data would be equal 
to one.  
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Figure 9. Scatter plot data showing the Quantifiler® Trio DI Value vs. !(#$)! &'(  
calculated from the exponential regression lines of each dye channel for 
uncompromised DNA data. 
 
Figure 10. Scatter plot data showing the Quantifiler® Trio DI Value vs. !(#$)! &'(  
calculated from the exponential regression lines of each dye channel for each 
sonication level of sonicated DNA data. 
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Figure 11. Scatter plot data showing the Quantifiler® Trio DI Value vs. !(#$)! &'(  
calculated from the exponential regression lines of each dye channel for all 
exposure levels of UV-irradiated DNA. 
 
Figure 12. Scatter plot data showing the Quantifiler® Trio DI Value vs. !(#$)! &'(  
calculated from the exponential regression lines of each dye channel for all 
exposure levels of enzyme-degraded DNA. 
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 The trend line for uncompromised DNA is the closest to the expected 
results, with a slope of 0.8361. The slope of the linear regression line for the 
sonicated DNA samples is equal to 1.8599, meaning that the DI value calculated 
by plugging the SA and LA values into the exponential regression is almost twice 
that of the DI value provided by Quantifiler® Trio kit. The slopes of the lines for 
samples exposed to UV light and enzymatic degradation are both very low, 
meaning the Quantifiler® Trio DI value is much larger than the value calculated 
by the exponential regression equations. The data from enzyme degraded DNA 
does not appear to be best fit by a linear regression line, as seen in Figure 7. 
 In all samples evaluated, the DI value did not have 1:1 correlation with 
the theoretical DI value calculated using the exponential regression lines fit to the 
data. Based on the fact that the slope of the uncompromised data, seen in Figure 
7, does not equal the expected value of 1, qPCR-based DI values should be 
taken as an indication or approximation of degradation rather than a means to 
accurately predict the sloping effect in the electropherogram. Further, these data 
suggest that if the qPCR-based DI value is large, larger targets may be 
warranted, as severely degraded samples exhibited relatively low peak heights, 
even at small molecular weight loci. 
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4. Conclusion 
Interpretation of uncompromised LTDNA profile data presents an inherent 
challenge due to the increased influence of stochastic effects. These stochastic 
effects can produce a configuration of peaks in the electropherogram that is 
different from the genotype of the DNA's donor due to missing information and 
peak height resolution. Software interpretation of profiles containing allelic drop-
out, either due to stochastic effects or compromise, can result in false negatives 
leading to an exclusion of an individual because alleles were not observed in the 
profile. False negatives are perhaps inevitable for genotyping in the case of 
compromised LTDNA or those subject to stochastic loss. The unavoidable error 
made during genotyping suggests that a detailed understanding of the DNA 
signal for a variety of sample types is necessary. 
Understanding the complex relationship between RFU signal and 
molecular weight in STR profiles is the key to being able to predict behavior 
patterns in compromised DNA samples. Only by thoroughly examining and 
comparing the trends in electropherogram data in artificially degraded DNA in 
controlled laboratory settings is it possible for improvement and standardization 
in STR typing procedures for highly degraded, LTDNA. Some distinctive trends in 
the compromised DNA data were observed, which not only suggests that impacts 
on RFU signal may be compromise-dependent, but is also promising for the 
possibility of classifying typical patterns in RFU signal decrease for a given 
method of compromise. With further characterization studies into the effects on 
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RFU signal decrease resulting from compromised LTDNA samples, it is possible 
to classify and predict typical behavior of profile data, thus minimizing the 
potential for Type II errors in DNA interpretation. 
The dynamic model for allelic loss potential during the silica DNA 
extraction procedure shows the possibility for detrimental loss of genetic material 
by stochastic variation. In the future, studies can use this model to isolate specific 
steps in the procedure which are causing the most loss, and either modify the 
protocol to increase DNA yield or develop chemical reagents and technology for 
extraction of LTDNA with improved efficiencies. 
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